Biliary atresia, the most common indication for pediatric liver transplantation, is a fibrotic disease of unknown etiology affecting the extrahepatic bile ducts of newborns. The recently described toxin biliatresone causes lumen obstruction in mouse cholangiocyte spheroids and represents a new model of biliary atresia. The goal of this study was to determine the cellular changes caused by biliatresone in mammalian cells that ultimately lead to biliary atresia and extrahepatic fibrosis. We treated mouse cholangiocytes in three-dimensional (3D) spheroid culture and neonatal extrahepatic duct explants with biliatresone and compounds that regulate glutathione (GSH). We examined the effects of biliatresone on SOX17 levels and determined the effects of Sox17 knockdown on cholangiocytes in 3D culture. We found that biliatresone caused disruption of cholangiocyte apical polarity and loss of monolayer integrity. Spheroids treated with biliatresone had increased permeability as shown by rhodamine efflux within 5 hours compared with untreated spheroids, which retained rhodamine for longer than 12 hours. Neonatal bile duct explants treated with the toxin showed lumen obstruction with increased subepithelial staining for a-smooth muscle actin and collagen, consistent with fibrosis. Biliatresone caused a rapid and transient decrease in GSH, which was both necessary and sufficient to mediate its effects in cholangiocyte spheroid and bile duct explant systems. It also caused a significant decrease in cholangiocyte levels of SOX17, and Sox17 knockdown in cholangiocyte spheroids mimicked the effects of biliatresone. Conclusion: Biliatresone decreases GSH and SOX17 in mouse cholangiocytes. In 3D cell systems, this leads to cholangiocyte monolayer damage and increased permeability; in extrahepatic bile duct explants, it leads to disruption of the extrahepatic biliary tree and subepithelial fibrosis. This mechanism may be important in understanding human biliary atresia. (HEPATOLOGY 2016;64:880-893) SEE EDITORIAL ON PAGE 717 B iliary atresia (BA) causes rapidly progressive liver fibrosis and cirrhosis in neonates and is the primary indication for liver transplantation in children.
portoenterostomy) slows the progression of fibrosis in some children, demonstrating that the critical defect in BA is EHBD obstruction. BA occurs in 1:8000-1:15,000 neonates, but its etiology is poorly understood; familial cases are rare, and there is only limited evidence that genetic factors can cause BA. Nonrandom clustering of BA cases in space and time suggests that infections or toxins (2) (3) (4) may contribute to disease pathogenesis. Whereas recent data strongly suggest that the insult to the EHBDs is prenatal, (5, 6) the nature of the insult and the associated cholangiocyte damage are unknown. If the nongenetic factors that cause BA could be identified, prevention might be possible. Similarly, a better understanding of the cellular mechanisms of BA might lead for the first time to targeted therapies.
Several animal models of BA partially recapitulate the human phenotype, but all have significant limitations. The most commonly used model, infection of newborn BALB/c mice with rhesus rotavirus, (3) has many histological and biochemical features characteristic of extrahepatic BA, but there is no definitive evidence that links rotavirus infection to human BA. (7) Neonatal rat bile duct ligation also results in liver parenchymal disease similar to human BA, (8, 9) but the model is technically difficult and surgical injury to EHBDs makes it difficult to extrapolate the resulting extrahepatic pathology to human BA. Most interestingly, Sox17 haploinsufficient mice in certain backgrounds develop a perinatal BA-like disease and hepatitis, suggesting that reduced SOX17 levels predispose to BA (10) and raising the possibility that nongenetic factors causing such reductions in the EHBD of neonates could lead to BA.
In 1990, Australian veterinary scientists reported that outbreaks of a BA-like disease had occurred in newborn lambs in New South Wales in 1964 and 1988, both years being notable for severe droughts and the grazing of pregnant livestock on atypical flora. (11, 12) Based on this work, we hypothesized that neonatal livestock were poisoned by a plant toxin ingested by their mothers. We recently reported the purification of a previously undescribed isoflavonoid, termed biliatresone, from the suspect Australian plants (Dysphania species), and demonstrated that this toxin causes a BA-like syndrome in larval zebrafish, with selective destruction of the EHBDs. (13) In mouse cholangiocytes but not hepatocytes, biliatresone also caused destabilization of microtubules, and in cholangiocyte spheroids in threedimensional (3D) culture, biliatresone disrupted apical polarity and caused luminal obstruction, mimicking the pathology seen in the EHBDs of BA patients. (13) How biliatresone caused selective injury to the EHBDs was not obvious from our initial studies. This is a critical point: because it is unlikely that pregnant women ingest biliatresone, defining the molecular mechanisms underlying the BA-like disease in zebrafish and livestock might lead to the identification of potential human teratogens that work by way of similar mechanisms to cause BA. We observed that biliatresone reacted strongly with glutathione (GSH). Because reduced levels of GSH cause microtubule destabilization in some cell lines, (14) (15) (16) (17) and since microtubules are essential to the maintenance of apical polarity, (18) we hypothesized that biliatresone acts by lowering GSH levels, resulting in microtubule and polarity abnormalities, loss of cholangiocyte monolayer integrity, and extravasation of toxin and bile into the periepithelial space. Remarkably, we found that biliatresone causes transient decreases in GSH and in SOX17 in cholangiocytes in culture, and that reduced GSH is both necessary and sufficient for cholangiocyte injury and subepithelial fibrosis in neonatal EHBD explants. These observations suggest that any maternal toxin or stressor that reduces GSH and is excreted in neonatal bile could lead to EHBD injury.
ARTICLE INFORMATION:

Materials and Methods
CELL CULTURE
Unless noted otherwise, a small cholangiocyte cell line was used for spheroid culture as described previously. (19) Primary neonatal extrahepatic cholangiocytes were isolated by outgrowth from 0-to 3-day-old BALB/c mouse pup bile ducts as described previously and were used for spheroids when specified. (20) Primary cells were used at passages 1-3 for all experiments. Cells from a single litter of pups (with at least five animals) were used for each individual experiment with neonatal cholangiocytes. All animal experiments were performed in accordance with National Institutes of Health policy and were approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania.
Primary mouse pancreatic ductal cells were obtained from Basil Bakir and Anil Rustgi (University of Pennsylvania) and cultured in 3D as described. (21) Mammary epithelial MCF-10A cells were obtained from Mauricio Reginato (Drexel University) and kidney epithelial IMCD3 cells were obtained from Katalin Susztak (University of Pennsylvania). Both cell types were cultured in 3D in a manner similar to that done for cholangiocytes. Primary mouse enterocytes were obtained from Mary Ann Crissey and John Lynch (University of Pennsylvania) and cultured in 3D as described previously. (22, 23) 
BILIATRESONE AND COMPOUND TREATMENTS
Biliatresone was isolated as described previously (13, 24) from Dysphania species plants harvested in Australia in 2008 and shipped frozen to the United States. Cells were treated with vehicle (dimethyl sulfoxide [DMSO]) or biliatresone at 2 lg/mL for up to 24 hours and with DL-buthionine sulfoximine (BSO; 100 lM, Sigma, catalog #19176), N-acetyl-L-cysteine (L-NAC; 5 lM, Sigma, catalog #A9165), N-acetyl-Dcysteine (D-NAC; 5 lM, Princeton BioMolecular Research, catalog #117600), and sulforaphane (20 lM, Sigma, catalog #S4441) as described in the text.
SPHEROID CULTURE AND ANALYSIS
Primary neonatal mouse extrahepatic cholangiocytes and the small cholangiocyte cell line were cultured in 3D in a collagen-Matrigel mixture as described previously. (13) Cholangiocytes in 3D culture replicate, polarize, and form hollow spheroids with apical markers on the luminal side and basolateral markers on the external side after 7 or 8 days (Supporting Fig. 1 ). Spheroids were used for experiments at day 8 after plating. After treatments, cells were fixed with 4% formalin and stained for F-actin (1:1000; phalloidintetramethylrhodamine B isothiocyanate; Santa Cruz Biotechnology, catalog #301530) or immunostained with antibodies against the integrin b-1 subunit (1:100; Abcam, catalog #95623), E-cadherin (1:100; Cell Signaling, catalog #24E10 3195S), ZO-1 (1:50; Invitrogen, catalog #40-2200), cellular tubulin (atubulin 1:500; Sigma-Aldrich, catalog #T9026), and Ki67 (1:200; Abcam, catalog #ab16667); the spheroids were imaged at the times noted. In some cases, spheroids were treated with Sox17 small interfering RNA (siRNA; Qiagen, catalog #SI01429533) or scrambled siRNA (Qiagen, catalog #1027281) as directed by the manufacturer on day 7 after plating and were evaluated on day 9. Images were obtained using a confocal microscope with 340 magnification (Leica). Photographs were taken at the level of the midsection of each spheroid, where the luminal diameter was greatest. Inserts had between 20 and 80 spheroids for all experiments, and a minimum of five photographs were taken (representative images are shown in the figures).
For biliatresone washout experiments, spheroids were treated with biliatresone for 24 hours followed by washes and a change to media without biliatresone for an additional 24 hours. For quantification of the effect of the different compounds on spheroid lumens, spheroids were stained for F-actin, and multiple confocal images were acquired and analyzed by two independent observers (O.W.-Z and H.K). Lumens were assessed as being open, closed (no lumen visible), or partially open or narrowed (small visible lumen). Only spheroids imaged at a level with a clearly visible midsection were counted.
NEONATAL BILE DUCT EXPLANT CULTURE
Intact EHBDs were isolated from 0-to 3-day-old BALB/c mice according to a protocol modified from that described previously. (20) Instead of embedding the ducts in a collagen layer, ducts were placed in ice-cold V-7 cold preservation buffer (Vitron) followed by incubation with cholangiocyte media, for 30 minutes at 378C. Biliatresone or other compounds as noted were added, and ducts were then placed on roller inserts and cultured at 378C in 95% O2/5% CO 2 in a Vitron Dynamic Organ Culture Incubator for 1-3 days. Ducts were stained as described previously (25) using antibodies against the cholangiocyte marker keratin 19 (K19, 1:10, Developmental Studies Hybridoma Bank, TROMAIII), a-smooth muscle actin (a-SMA; 1:1000, Sigma, catalog #a2547), collagen I (1:200; Southern Biotech, catalog #1310-01), and EDA fibronectin (1:1000; Santa Cruz Biotechnology, catalog #sc-59826). Images were taken on a confocal microscope (Leica) at 340 magnification. For the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay, bile ducts were embedded in paraffin tissue and sectioned. The TUNEL stain, with a DNase-treated positive control, was performed per the manufacturer's instructions (Millipore, catalog #S7110).
GSH MEASUREMENT
GSH in cells was measured with the GSH-Glo
Glutathione Assay (Promega). Cells were harvested by centrifugation, washed, resuspended, and diluted in phosphate-buffered saline (PBS; 4000-8000 cells per well). Tissue extracts (from mouse liver and bile ducts) were washed with PBS and homogenized in PBS with ethylene diamine tetraacetic acid (2 mM). The assay was performed per the manufacturer's protocol. Luminescence measurements (RLU) were performed with the GloMax multi-detection system (Promega). Net GSH-dependent luminescence (net RLU) was calculated by subtracting the average luminescence of the negative control reactions (PBS). Detection of GSH by the kit is not disrupted by the interaction between biliatresone and GSH (Supporting Fig. 2 ).
RHODAMINE EFFLUX ASSAY
Assay of rhodamine efflux from spheroids, a measure of monolayer permeability, was modified from a published protocol. (26) On day 8, spheroids were incubated with rhodamine 123 (100 lM; Sigma) for 15 minutes followed by five washes with phenol-free DMEM (Invitrogen) and were then treated with either biliatresone or DMSO; live cells were imaged every 20 minutes 1-12 hours after treatment using a spinning disk confocal microscope with a wide 340 lens. Permeability was quantified by examining 17 biliatresonetreated spheroids and 18 DMSO-treated spheroids imaged over the 12-hour span with visual determination of when greater than 50% of the rhodamine was lost from the lumen. An unpaired t test was used to compare the two groups.
Real-time polymerase chain reaction (PCR) and western blotting were performed for the small cholangiocyte cell line treated with vehicle (DMSO) or biliatresone at 2 lg/mL for 24 hours and Sox17 siRNA and scrambled siRNA (Qiagen) for 48 hours. Quantitative real-time PCR was performed with a Qiagen kit with the primers RPS12 (forward, ACGTCAACACTGCTCTA-CAAG; reverse, CATCACAGTTGGATGCAAGC); and Sox17 (forward, CTCGGGGATGTAAAGGT-GAA; reverse, GCTTCTCTGCCAAGGTCAAC), by the relative standard curve method. RPS12 was used as a control. For all experiments, there were two technical replicates, and experiments were repeated three times. For western blots, cells were lysed in radioimmunoprecipitation assay lysis buffer (Sigma, catalog #R0278) and 50 lg of protein from each sample was separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride membrane (0.2 lm; Bio-Rad, catalog #162-0176), blocked with an Odyssey blocking buffer (Odyssey, catalog #927-40000), and incubated with primary antibodies against SOX17 (1:1000, R&D Systems, catalog #AF1924) and glyceraldehyde 3-phosphate dehydrogenase (1:1000, Cell Signaling, catalog #2118) as a housekeeping gene. Signals were detected using florescence on a Gel Doc system.
STATISTICS
Statistical significance was calculated by either the one-tailed Student t test or one-way analysis of variance. All experiments were done with at least two technical replicates and repeated at least three times.
Results
In our zebrafish model of biliatresone-induced BA, the intrahepatic bile ducts were spared, whereas the EHBD were destroyed. (13) Similarly, whereas previous work showed that symptomatic neonatal livestock with BA-like disease had cirrhosis, (11, 12) in the present study, minimally symptomatic animals necropsied shortly after birth had marked obstruction and fibrosis of the extrahepatic bile ducts, but few changes within the liver parenchyma (Supporting Fig. 3 ). This result suggests that the BA-like disease in lambs, which ultimately results in cirrhosis, begins with injury to the EHBDs.
We were interested, therefore, in how biliatresone affects cholangiocytes, and whether its effects are specific for these cells. Our published data show that secretion of biliatresone into bile is required for toxicity. (13) Consistent with localization in bile (as opposed to cholangiocyte-specific mechanisms of injury) as an explanation for selective biliary toxicity, we found that both intrahepatic and extrahepatic cholangiocytes-as well as multiple other ductal epithelial cells (but not enterocytes) cultured as spheroids-were equally sensitive to biliatresone, demonstrating monolayer disruption, lumen obstruction, and loss of the apical F-actin ring (13) (Fig. 1) , similar to the pathology observed in the EHBDs of BA patients. (27) Spheroid abnormalities were not associated with changes in cholangiocyte proliferation (Supporting Fig. 4A ) and were reversible after biliatresone washout (Supporting Fig. 5 ), suggesting that biliatresone did not primarily target cholangiocyte viability.
Lumen obstruction and changes in F-actin in spheroids are associated with mislocalization of the apical markers ZO-1 and E-cadherin (Fig. 2) . Time course studies demonstrated that this follows decreased staining for cellular tubulin, which likely reflects destabilization or depolymerization of microtubules (with the decreased staining a function of fixating and permeabilization); reduced tubulin staining is observed within 3 hours of biliatresone treatment, whereas changes in apical polarity markers and obstruction of spheroid lumens are not seen until 6-12 hours of treatment (Fig. 2C) .
To determine whether changes in cell-cell adhesion markers and loss of polarity are associated with increased epithelial permeability, we assayed rhodamine efflux from cholangiocyte spheroid lumens. Rhodamine is taken up from the media at the cholangiocyte basolateral surface, transported across the cells, and then excreted apically, resulting in accumulation in the lumen. We preloaded spheroids equally with rhodamine, and then treated with either biliatresone or vehicle. Spheroids treated with vehicle retained the majority of preloaded rhodamine in the lumen even after 12 hours. Spheroids treated with biliatresone, however, demonstrated rapid loss of luminal rhodamine, particularly within the first hour, with 50% loss in 4.4 6 0.6 hours compared with 11.4 6 0.4 hours for the DMSO-treated spheroids (P < 0.0001). This suggests that biliatresone increased cholangiocyte monolayer permeability (Fig. 3) .
In the setting of increased epithelial permeability in vivo, cholangiocyte exposure to biliatresone could result in leakage of bile acids or biliatresone itself into the duct submucosa and deeper structures. We adapted methods used for long-term culture of precision cut liver (and other tissue) slices in a high-oxygen environment (28) to the culture of isolated intact neonatal mouse EHBDs. In this explant culture system, ducts treated with biliatresone for 1 day and stained with antibodies against the cholangiocyte marker K19 demonstrated monolayer disruption with patchy lumen obstruction when compared with vehicle-treated ducts, which were uniformly completely open. TUNEL staining did not demonstrate increases in apoptosis in biliatresone-treated ducts (Supporting Fig. 4B ). Biliatresone-treated ducts also demonstrated an increase in immunostaining in periductal regions for the myofibroblast marker a-SMA, and the fibrosisassociated matrix proteins fibronectin EIIIA and type I collagen (Fig. 4) . These results suggest that exposure of neonatal EHBDs to biliatresone could result in ductal disruption and fibrosis, as is seen in human BA patients.
After demonstrating the effects of biliatresone on cholangiocytes in spheroid and duct explant culture, we studied its mechanism of action. We have shown that biliatresone contains an a-methylene-ketone reactive group and binds GSH strongly and rapidly. (29) Given that decreases in GSH in some cell types have been reported to result in diminished cellular tubulin staining, (14) (15) (16) (17) as we observed in cholangiocytes after biliatresone treatment, we hypothesized that biliatresone acts through GSH. We first measured GSH levels in cholangiocytes treated with biliatresone and observed a 43.6% decrease in GSH after 1 hour of treatment, with recovery over time (Fig. 5A) . When we measured GSH in tissue, we found that the EHBDs had significantly less GSH (total and reduced) than the liver in both neonates and adults, suggesting that the EHBDs might be particularly susceptible to biliatresone-induced decreases in GSH (Supporting Fig. 6 ), although given the lack of a significant difference in GSH levels between neonates and adults, this would be an unlikely explanation for the susceptibility of neonates to BA-like diseases.
To determine the role of GSH in cholangiocyte damage resulting from biliatresone, we added compounds that increase GSH to biliatresone-treated cultures. The effects of biliatresone on cholangiocyte spheroids were prevented by cotreatment with L-NAC or by pretreatment with sulforaphane, but not by cotreatment with D-NAC (Fig. 5B-D) . Sulforaphane is an Nrf2 activator that increases GSH. (30) L-NAC and D-NAC are both antioxidants and bind biliatresone equivalently; however, only L-NAC increases   FIG. 4 . Biliatresone causes monolayer disruption, patchy obstruction, myofibroblast activation, and fibrosis in neonatal EHBD explant cultures. Neonatal mouse EHBDs were incubated for 24 hours with biliatresone or vehicle (DMSO) and immuno stained for the cholangiocyte marker K19 (green) and (A) the myofibroblast marker a-SMA (red) and the fibrosis markers (B) collagen 1 (red) or (C) EIIIA-fibronectin (red). K19 staining demonstrates ductal disruption, whereas the other stains demonstrate myofibroblast accumulation and matrix deposition in the submucosal and other periductal regions with biliatresone treatment. Images are representative of (A) seven independent experiments with 13 ducts for each condition, (B) three independent experiment with six ducts for each condition, and (C) three independent experiments with six ducts for each condition. Scale bars: 100 lm.
FIG. 5.
The effects of biliatresone are secondary to decreased GSH. (A) GSH levels were measured in cholangiocytes in twodimensional (2D) culture over 24 hours after treatment with biliatresone. Data are presented as the mean 6 standard error of the mean. *P < 0.05 (versus 0 time point) and are from three independent experiments, each with three technical replicates. (B) Cholangiocyte spheroids in 3D culture were treated with the compounds indicated for 24 hours and were then immunostained for F-actin (green) and with the nuclear stain DAPI (blue). Only spheroids that were fully visualized along the z axis were scored. Scale bars: 10 lM. GSH synthesis, suggesting that the effects of L-NAC are mediated by increasing GSH rather than by sequestering biliatresone. (31, 32) We quantified the effects of the different compounds by grading spheroid lumens as open, partially open or closed, and confirmed that lumen patency was influenced by GSH levels (Fig. 5D) .
To determine whether decreased GSH is both a necessary and sufficient mediator of biliatresone effects, we treated cholangiocyte spheroids and neonatal mouse EHBD explants with buthionine sulfoximine (BSO), which inhibits c-glutamylcysteine synthetase, the enzyme that mediates the first step in GSH synthesis. BSO, like biliatresone, caused a rapid decrease in GSH in cholangiocytes (Fig. 6A) . Decreasing GSH with BSO mimicked the effects of biliatresone, with lumen obstruction and disrupted polarity in spheroids, and lumen narrowing and increased periductal a-SMA, in EHBD explants (Fig. 5A-E) . BSO, similarly to biliatresone, resulted in decreased immunostaining for cellular tubulin, and this change was prevented with L-NAC and sulforaphane treatment, but not treatment with D-NAC. The sequence of events observed in cholangiocyte spheroids after BSO treatment (decreased tubulin staining followed by mislocalization of polarity markers and lumen closure) was the same as that observed for biliatresone (Fig. 6B) . In addition, BSO treatment for 1 hour followed by incubation with BSO-free media showed that spheroids appeared damaged at 12 hours, but after a 24-hour washout, polarity was restored and lumens were reformed (Fig. 6C) . These data suggest that the effects of BSO, like those of biliatresone, are reversible in the spheroid model ( Fig. 6C and Supporting Fig. 5 ).
In addition to investigating the role of GSH in biliatresone effects, we studied the role of the transcription factor SOX17. A BA-like phenotype including loss of integrity of the ductal epithelial monolayer is seen in Sox17 haploinsufficient mice in certain genetic backgrounds. (10) To determine whether SOX17 expression is affected by biliatresone, we examined SOX17 levels in cholangiocytes after biliatresone treatment. Sox17 messenger RNA and protein levels were reduced significantly after biliatresone treatment (Fig. 7A,B) . To determine whether decreases in SOX17 mimicked the effects of biliatresone in our cholangiocyte model system, we silenced Sox17 by way of siRNA treatment and achieved 95% knockdown, as confirmed by quantitative real-time PCR and immunohistochemistry (Supporting Fig. 7) . Treatment with Sox17 siRNA but not scrambled siRNA resulted in lumen obstruction and apical tight junction disruption, mimicking the effects of biliatresone (Fig. 7 and Supporting Video 1 and Supporting Video 2). Sox17 siRNA treatment resulted in the same sequence of events in spheroids (taking into account approximately 24 hours required for Sox17 knockdown after transfection) as seen for biliatresone and BSO, with decreased staining for cellular tubulin occurring first, followed by loss of apical polarity and lumen obstruction (Fig. 7D) . Overexpression of SOX17 by transfection of complementary DNA encoding Sox17 resulted in spheroid disruption in both the presence and absence of biliatresone, suggesting that SOX17 levels are tightly controlled, and preventing us from performing rescue experiments. Silencing of Sox17 had no effect on GSH levels (Fig. 7E) , suggesting that decreases in SOX17 were either caused by GSH reductions or in a parallel pathway.
Discussion
The etiology of BA is unknown, although epidemiological studies support an infection or toxin exposure, likely occurring prenatally, (5, 6) in the setting of genetic susceptibility. (4, (33) (34) (35) (36) Our group recently identified an isoflavonoid called biliatresone that has been implicated in outbreaks of a BA-like syndrome in Australian livestock and also causes selective EHBD destruction in zebrafish. (13) This is important evidence supporting the hypothesis that toxins can cause BA. Here we used cultured cholangiocyte spheroids and a novel bile duct explant culture system to delineate the effects of biliatresone, showing that biliatresone disrupts the cholangiocyte monolayer and, in duct explants, causes periepithelial fibrosis. We identified decreases in GSH and SOX17 as key mediators of these effects and demonstrated that decreased GSH independent of biliatresone causes duct explant obstruction and fibrosis. Our data suggest that environmental agents that reduce GSH and reach the neonatal bile duct might cause BA. Redox stress is also a contributing factor in biliatresone-induced cholangiocyte injury in zebrafish, although unlike in our mammalian cell systems, decreased GSH potentiates but is not sufficient for injury. (37) A decrease in GSH was sufficient for cholangiocyte injury in our model systems. GSH levels rapidly decline after biliatresone treatment, although there is partial restoration over time. BSO similarly causes rapid decreases in cholangiocyte GSH, and the time course of injury follows the same sequence of events as for biliatresone. BSO causes damage in spheroids even after 1 hour of exposure, but spheroids recover after a 24-hour washout. Bile ducts treated with DMSO and biliatresone demonstrated no difference in apoptosis or proliferation, though it is likely that apoptosis occurs later in the process. This suggests the possibility that a potentially transient insult to the bile ducts could cause significant damage, but also that cholangiocyte recovery could occur in vivo if the injury were stopped. These findings may have important implications for human disease. Although there is no evidence that pregnant women are exposed to biliatresone itself, humans may be exposed to other GSH-depleting molecules, and it is conceivable that some of these cross the placenta and are excreted in neonatal bile.
One of the first signs of injury we observed in cholangiocyte spheroids was a decrease in cellular tubulin immunoreactivity. Microtubule disruption caused by decreases in GSH has been described in other cell types-including colonic, kidney, and neuronal cells (14) (15) (16) (17) -and our data suggest that microtubule changes in cholangiocyte spheroids are the result of decreased GSH after biliatresone treatment. Microtubules play an important role in lumen formation and the maintenance of polarity in several types of epithelial cells, including cholangiocytes. (18, 26) In biliatresone-mediated cholangiocyte injury, changes in cellular tubulin occur after and as a result of a decrease in GSH and are accompanied by loss of cell-cell adhesion and increased epithelial permeability. Polarity abnormalities have been reported in human BA; a recent study found that extracellular matrix proteins and adhesion molecules that mediate cellular polarity and integrity are abnormal in BA patients. (38) Additionally, in zebrafish, it was shown that that planar cell polarity plays an important role in vertebrate biliary development. (39) The importance of the epithelium in preventing injuries and the injury response has been studied in the lung, where loss of bronchial epithelial cell integrity leads to inflammation and fibrosis. (40, 41) We observed increased epithelial permeability after biliatresone treatment. Similar damage to the cholangiocyte monolayer in bile ducts could potentially result in leakage of both bile and biliatresone into the periductular tissues, either of which could potentially cause myofibroblast activation and fibrosis. Our finding that biliatresone exposure causes increased a-SMA and collagen expression in the EHBD explant culture system is consistent with both indirect and direct effects of biliatresone on myofibroblast precursor cells. In this context, it is interesting that biliatresone-mediated injuries in cholangiocyte spheroids are reversible. We speculate that cholangiocytes could recover from an initial injury, but that the exposure of the submucosal and deeper structures to bile (or biliatresone or similar toxins) might lead to more permanent damage. Obstruction could potentially be secondary to cholangiocyte injury, associated inflammation, or a secondary fibrotic process.
Another potential cause of bile duct obstruction is epithelial deciduation, which is observed in Sox17 heterozygote mice that develop a BA-like syndrome. (10) In these mice, SOX17 is required to maintain the epithelial architecture of the gallbladder and cystic duct. We find that biliatresone reduces SOX17 in cholangiocytes, and that silencing Sox17 mimics the effects of biliatresone on the biliary epithelium. SOX17 has been implicated as key protein in EHBD development, (42) and our model suggests that it is important to duct maintenance as well.
One of the key questions in BA research is why early manifestations in humans are relatively selective for the EHBDs. Using spheroid culture systems, we found that multiple ductular epithelial cells, including mammary ductal, pancreatic ductal, and kidney tubular cells were affected by biliatresone, whereas enterocytes, which are epithelial cells but not ductular, were not affected. Similarly, we found that intrahepatic and extrahepatic cholangiocytes in vitro appeared to be equally susceptible to injury. These findings raise interesting questions about the specificity of biliatresone for extrahepatic cholangiocytes in zebrafish and livestock. It appears likely that biliatresone is toxic to many cells, but that in vivo it is selective for extrahepatic cholangiocytes because of excretion and/or concentration in bile. In support of this hypothesis, we found in zebrafish that intrahepatic bile ducts are required for biliatresone toxicity. We speculate that biliatresone crosses the placenta and enters the fetal liver and the biliary system; maternal hepatic metabolism may prevent cholangiocyte exposure in the mother. The stasis of bile in utero as well as concentration of bile and biliatresone in the gallbladder might explain EHBD toxicity. We hypothesize that biliatresone undergoes metabolism by hepatocytes and that there may be significant differences in metabolism between neonatal and adult livers. Further studies will be needed to answer this question. Low levels of GSH may also predispose the EHBD to injury. We previously reported that hepatocytes are relatively resistant to the effects of biliatresone. (13) GSH levels in the liver parenchyma are higher than in the EHBDs, which may protect hepatocytes, although there is no difference in GSH levels between adult and neonatal mouse EHBDs, highlighting the potential importance of late fetal or neonatal versus adult hepatic transport and metabolism of biliatresone. The GSH levels of intrahepatic compared with extrahepatic cholangiocytes are unknown but could potentially account for selective extrahepatic toxicity. Finally, it is possible that both intrahepatic and extrahepatic cholangiocytes are injured by biliatresone, but that the regenerative abilities of the liver and intrahepatic cholangiocytes compared with the EHBDs result in repair after injury rather than fibrosis.
There are a wealth of data implicating both immune dysregulation and genetic factors in human BA. Toxin-induced BA is not inconsistent with these findings and may represent a primary injury, with immune dysregulation representing a secondary insult. Ongoing studies are focused on determining links between biliatresone treatment and immune dysregulation.
In conclusion, our findings are consistent with a model of biliatresone-induced injury that includes primary injury to the EHBDs, loss of cell-cell adhesion, cholangiocyte polarity changes, increased epithelial permeability, and resulting myofibroblast activation and fibrosis. These events are secondary to reductions in GSH and are accompanied by reduced SOX17. Elements of this model-including the role of GSH, the potentially transient nature of the insult, the increase in epithelial permeability, and the reversibility of cholangiocyte damage-may provide important insights into both the pathogenesis and clinical course of human BA and may lead to the development of new preventive measures or novel treatments in the future.
